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NACA WING-FLOW METHOD

' By Richard E. Adams and Norman S. Silsby
 sumry

A 2-scalo semispan model of a horizémtal tail of a fighter
l2 - o Do .
airplene was tested at transonic speeds in the high-speed flow
over an airplane wing, the surface of which served as a reflection
plane for the model. Measuroments of 1lift, elevator-hinge moment,
angle of atbtack, and elevator angle were made -in the Mach number
range from 0 75 to 1,04 for slevator deflections ranging from

10° t6 -10° and_for angles of attack of -1.2°, 0.4°, and 3.4°,

The equipment used %o measgure the hinge mcoments of the model. proved
to be rather unsetisfactory, and for this reason the hinge—moment
data are considered to be only qualitative.' .

- The results of the tests indicated that the elevator .
‘offectiveness, in gensral, decreased as the Mach mmbers. increased
from 0.80 to O, 95. At all three angles of attack.the effectiveness
became Zero or reversed over an elevator—deflection range of about
4° gt Mach numbers around 0.95, The center of this ineffective
range of elevator daflections 8¢ varied with angle of attack o
from-positive elevator deflecticns at negative angles. of. attack
to negatlve elovator deflections at positive angles of atback,

The elevator, however, had regained appreciable effectiveness
when sonic velocity was reached for all elevator deflections, and
at a Mach number of 1,04 the mean elevator effectiveness &?CL/dSG

was about €0 percent of the value at & Mach number of 0.75. The
1ift—curve slope \ch /m)m for engles of attack from 1.2° to 3.4°

decreased about 40 percent as the Mach nuinber increased:from 0.75
to 0.93., With further increase in Mach number to 1,04, the slope
increased to about tho same value it had at a Mach number of 0.75.
The hinge-moment data, which are considered to be gualitative only,
indicated thet the elevator became strongly overbalanced at Mach
numbers between 0.91 and 0.96 and that this overbalance disappeared
beforc sonic velocity was attained. The slope of the hinge-moment
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curves became very steep at a Mach number of 1.0k, at which the
rlope was about three times am large as the average slope &t a
Mach nunber of 0.75.

INTRODUCTION

In an effort to anticipate any difficulitles that might be
experienced with a full-gcale elrplane in high-gspeed dives a
preliminary study of compressibility effects has been made at the
Langley Memorial Aeronauticel Iaboratory of the NACA, Some
Information about the problem of stability and control at high
Mach numbers has been determined for & semlspan model of an
alrplane as presented in reference l. The present tests were made
to determine the elevator effectliveness and the hinge-moment

characteristics of a -j]j-scale half-spen model of a horizontel tail

of a fighter airplane &t high Mach num'bers by the NACA wing-flow
method. (See reference 2.) -

Becauge of the urgent need for this information, existing
equipment designed for measurement of 1ift, drag, and pitching
moment of alrfolls was modified to measure the conbrol characteristics
of the modsl. Numerous difficulties were encountered in the use
of this equipment, espeoially for the determination of elevator
hinge moments. Some information on the effectiveness of the control
and some qualltative Indications of the change of hinge-moment
characteristics with Mach number were obtained, however, and are
considered to be of genseral interest, particularly because the teats
covered the speed vange including sonic veloclty. Measurements of
1ift and elevator hings moments were made for elevator deflections
ranging from -10° to 10° with angles of attack of -1.2°, 0.4°,

and covered a range of Ma.ch numbers from 0.74 to 1.05.

SYMBOIS

The followlng symbols apply to the model méun’ced on the alrplene
wings

o angle of attack
t : tall thickness
¢ ©  +tail chord
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deflection of elevabor -

elevator chord, behind hinge line
root-mean-square chord of elevator, behind hiage line
d1stance along chord from leading edge
ordinate of sectlon proflle

ares of sgemligpan tell

area of semispan elsvator, behind hinge line
mean thickness chord ratlo

mean ratlo of elevator chord to tall chord
hinge moment of eleva'bor‘

1ift

effective dynamic pressure of flow over model
effective Mach number of flow over model

Reynolds nuriber based on mean aerodynemic chord of
3.36 inches

aspect ratlo
1ift coefficient (L./3S)

elevator hinge-moment coefficient (H/q’bcf)

mean elevator effectiveness (change in Cp, divided by

change in 8, over given range of &)

mean stabillizer effectiveness (change in Oy, divided by
change in o for given range of «)

The Pollowing symbols refer to the airplane on which the model was

mounted:

*a

Za

chordwlse distence along surface of sirplane wing

distance normal to surface of alrplane wing

-—‘
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3 % NACA RM No. L7C25a

local dynemic pressure near surface of airplane wing

e
at distance x, along surface
Mﬁa local Mach number near surface of airplane wing ab
distance x, along surface
GLE eirplane lift coefficlent
My flight Mach number
Pq free-gtream static pressure

APPARATUS, METHOD, AND TESTS

The tests were made by the NACA wing-flow method, of reference 2,
in wvhich the model is mounted in the region of high-Bpeed flow over
the wing of en airplamne, A P-51D airplane was used for the tests.

The semispan model was mounted over the ammunition-compartment
door of the airplane, as shown in figures 1 and 2. The model, which
wvas cut from brass, ned the following gecmetric cherecteristics:

Tail: , .
Area, 8 (semispan), gquare 1nches o « o o o o a s o o o o s 19.6
Root chord of t&il, inchses ¢ 6 8 8.6 5.8 '8 & ® 8 & s 8 o )'I'ole
Tip chord of t&il, Inches e« ¢ ¢ o ¢ o & ;,- . ‘.u e 9 s o o o 2028
Mean a.erodynamic Chord., inches .« o . . e ¢ 5 8 8 & ¢ 8 v 8 3-36
Semispan, INCheS ¢ 4« ¢ o o ¢ 2 o ¢« o v ¢ & a. 0 ¢ ¢ s o o & 6025
Ta.per TEEIO o o 2 » ¢ 6 o ¢ 8 ¢ 6 ¢ 6 0 8 0 8 s 0 2 e v . 108131
Aspect ratio (wing surface consldered as :

reflectionplane)......s...'...--.---3-99

Elevators
Aren, S, (semispan), square Inches .« o s« ¢ o 0 s+ o s o « T.42
Chord a.t'root,_ inGhGB ¢ ¢ 4 & 1 4 s v " 8 8 % s s . 1.b2
Chord at tip, inch L) L[] .' * L] [ ] e L ] L] L ] ¢ .. ' L L 3 . [ ] L] L - O .73
Rop‘b-mean-sq_uare Ghord,_ INCHEE .« « o o o s s o 5 o ¢ s & o 109

Profiles of sections of the model measured at three spanwise

statlons are coupared in figure 3 with the deslgn profilles. .

Measured ordinastes of the tail are given in table I. Errors of.
congtructlon resulted in & slight displacement of the elevator

hinge axls from the chord line toward the upper surface as shown in
figure 3. The size of the gap between the stabilizer and elevator,
vwhich was unsealed, was not measured directly but is indicated approxi-
metely on the profiles of figure 3 for the no-load condition. Because

ERTETIAT,
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of bending of the elevator with the application of 11ft loads, the
gaps and the elevator hinge-axis loca.tion probebly varied somevhat

during the testa.

A circulsr end plate wlth a cut-out to provide for movement
of the elevator was atbached to the root of the stabilizer as shown
in flgures 1 and 2. A smeller plate was secured to the root of the
elevator to minimize the flow of air through the cut-out in the mein
end plate.

The shank of the model passed through the ammunition-compartment
door and was mounted on a balance arranged to measure 1lift force and
elevator hinge moments. The balance earrangement was an adaptation
of existing equipment designed for meassurement of 1ift, drag, and
pitching moments of airfoils and proved to be rather unsa‘bisfactory
for determination of hinge moments. Consequently, tliere 1s some
- uncertainty as to the accuracy of the hinge-moment data obfained,
Provisions were made 'bo measgure the angle of 'bhe eleva;bor ag 1t was
oscillated through a range of angles from -10° to 10° at &8 rate
of 18° per second, which for the full-scale airplane would. ‘correspond
to 1,]-' per second, The sta.'bilizer was fixed at a given angle for
ea.ch fligh’c. The accaracy of the elevator sngles is of the order
of "'g .10 ’ wherea.s the a.ccura.cy of the sta.'bilizex angle is- a.pproxima.tely
+0 .2

The direction of local a.ir flow was ds’cermined by use of &
free-floating vane of wedge-shape cross section mounted 22.5 inches
outboard of -the model mtation. . (See fig. 2.) Oscillation of the
elevator had no measurable effdct on the direction of alr flow at -
the. vane; hence, there wes probably mo apprecisble interaction. The
direction of the locel alr Plow at the model station relative to
the flow direction at the refererice vane was determined in & test -
vith a similar vane arrangemen mounted at the model station, as
shown in figure L. ' ‘ ‘ - o '

The rela.tion of Mach number of the local air flow close %o
the wing surfece to the f£light Mach number.and to the alrplane 1ift
coefficient was esteblished from pressure meesurements with static-
pressure orifices flush with the wing surface In tests before the
model was mounted on the smmunition-compartment door. The contour
of the door has been modified since the tests of reference 2 to
causge formatlon of shock at & more.rearward chordwlse position and
thereby to prevent the passage of shock over the model. Typilcal
chordwise distributions of Mach number over the test region are shown
in figure 5 for several flight Mach nurbers Mo and alrplane 1ift

coefficlents Cr,. Beceuse of the chord.wise varia'bion in dynainic -
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pregsure and Mach number over the wing surface at the model statlon,
the values § and M uped in the evalustion and presentation of the
data were deterisined according to the relations:

= . 0.97
q = —-S--—\/ij_:ca d.'x:a d.za
= 097

where the integrals were taken over the area ocoupied by the model

and dxg 4z, represents an element of thils area. The factor 0.97
which takes approximate account of the decrease in the induced velocity
with distance from the wing surface was determined from an incomplete
investigation of the variation of static pressure with distance

from the wing surface. The variations of G/fp, and M with Cr,,

were establlshed from teates with the model off and were consldered to
apply for the tests with the model in place. The effects of the
pressure gradiente in the test reglon on the model characteristics
are not known. The effeot of the wing boundary layer on the model
test results 1s believed to be small since unpubllehed f£light date
obtaelned at high speeds on a P-51 sirplane wing indicate that the
boundary-layer thickness at the model test station would be only
about 3 or 4 percent of the model span.. .

Tests were made with angles of attack of :1.29, O.h°, and 3.1°
and with elevator deflections from -10° to 10°, The measurements
were made In high-speed dives from an altitude of 28,000 feet to
22,000 feet. The effective Mach numbers M of the flow at the
modsl station ranged from 0,75 to 1.04 and the Reyrolds numbers R
from 0.6 X 106 to 0.8% x 106, The varistion of Reynolds number with
Mach number for the tests with verious stebilizer gettings is shown
in figure 6, In the tests simultaneous photographic records were
obtalned of the elevator angle of the model, the angle of the reference
vane, 1ift force of the model, hings-moment of the elevator of the
model, free-stream static pressure, free-streem impact pressure, and
normal acceleration of the airplane.

PRESENTATION OF RESULTS

The results of the tests, covering the range of Mach numbers
from 0,75 to 1.0%, are presented in figures 7 to 1l. The variation
of 1ift coefficient C;, with effective Mach number M for various

~elAER TG —
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elevator deflectione at each of the angles of attack of -1.2°, 0,4°,
and 3.4° are shown in Pigure 7. The curves of figure T were o’btained.
by cross-plotting time histories of Op, By, .o, end M. The

variation of I1ft coefficlent with elevator deflection is presentsed
in figure 8 for the three engles of attack and for verious Mach numbers.
The mean rate of change of the 1ift coefficient with elevator g.eflecgion
(dCL/dse) for elevator deflecticns from 0° to -4° and from 0° to U

are ;olotted. in figure 9 ageinst effective Mach number for the three
angles of attack. The mean rate of change of 1ift coefficien’c with
angle of ettack QlCL /d.cr,) over the rangs from -1.2° to 3.4° 1s plotted

ageingt Mach nunber in figure 10 for elevator neutral. Because of

the previously mentioned difficulties in obtaining elevator hinge-
moment date with the equipment used for these tests, hinge-moment .
coefficients were determined only for the angle of .attack of 0.4 over
the elevator deflection range from -10° to 3°, These results, which
are considered to be qualitative only, are presented in figure 11

as plots of hinge-momeat coefficlent agalngt elevator deflection for
-various Mach numbers. These curves also weré obtained by cross-
plotting time histories of the observod data.

Values of QIGL /d.cr. }n and QIGL /dse)m from the tests in the

Langley 8-foot high-speed tunnel of a model of the horizontal tail
of a typical high-speed bombsr (reference 3) are plotted against
Mach -number in figure 12 for comparison with results from the
bresent %tests of the tail model. The 1lift-curve slopes |{dCy, /dcu

wore ‘taken Tor the elevator—neu’cral condition and over the range of:
angle of attack of 1° %o —1° for 'bhe tunnel tests and for the range
cf angle of atbtack of ~1.2° to 3.4° for the wing-flow tests. The
slopes {4Cy, ld.a )m were teken for o = 0° and over the elevator—

deflection range of 1° to —1° for the tunnel tests and for the
angle of attack of 0. 4O over the elevetor-deflection rarge of Lo
to =4° Por the wing-flow testa. .

DISCUSSION OF RESULTS

The results presented in figure 7 indicate that serious losses
in 1if% of the model for given angles of attack and elevator deflection
did not occur until e Mach number of at least 0.80 was attained. At
higher Mach numbers the most marked change in the 1ift characteristics
of the model was in the effectiveness of the elevator which, for part
of the deflection range (depending on the angle of attack), became
zero and reversed at Mach numbers of 0.90 6 1.,00. (See fig. 7. )
The oc:mplete loes or reversal of ‘the control sffectivensss gonerally

CEET D
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occurred. over a range of elevator angles of about 3° or ho as shown
in figure 8; the center of this range varied from about 1° at an
angle of attack of ~1.2° to about -3° at an angle of attack of 3. 5°,
The asymmetry of the curves of figure 8 is probably due partly to the
dissymmetry of the model elevator and is probably indicative of the
unsymmetrical verietions of elevator effectiveness thzt may be
encountered in flight due to aerodynamic distortion of the cantrol
surfaces and possible manufacturing errors. The large influence of the
angle of attack of the effectivensas of the elevator et Mach numbers
approaching 1.0 is further illustrated in figure 9. For the elevator
deflection range from 0° to 4° the value of k?CL/dS ln at Mach

numbers nesr O 95 was almost zero for the 0.4° angle-of-attaok con=
dition and was négative for an angle of atbtack of =-1.29 whereas, for
an angle of attack of 3.4°, the loss in elsvator effectiveness was
relatively moderate over the Mach number range. With the slevator
deflected from C° to =4°, however, the velue of dCL/dSQ) for an

angle of: attack of 3.4t decreased rapidly-at Mach numbers beyond 0.80
and became negative at Mach numbers near 0.95. The selevator stfective-
ness for an angle of attack of 0.4° was also reversed at Mach nuubers
around 0.95 for thls elevator-deflection range, but with an angle of
attack of -1.2° soms offectiveness was maintainsd through this critical
Mach number range. At sonic velooity positive elevator effectiveness
had been regained for all conditions and at a Mach number of 1.04 the
variation of 1ift coefficient with elevator deflecticn was almost
linear throughout the deflection renge. (See fig: 8(g).) For this
Mach number ‘the valnes of dCrJ/dS¢ for the deflection range from ~L4°
to 4° averaged about 60 percent of the values obtained at a Mach numbexr
of 0.7T5. Tests of a half span model-of en airplane at transonic speeds,
reported in reference 1, also indicated & total losg in elevator
effectiveness at Mach nuﬁbers near 0.93 and a recovery of positive
elevator effectiveness at a Mach number of unity.

The average lift-curve slope of the model acr, da over the angle-
of ~attack range from -1.2° to 3.4°, elevator neutral (fig. 10),
decreased from 0.066 at a Mach number of 0.75 to & minuam of 0.039
at a Mach number of 0.93. At Mach numbers of 1.0 and 1.04 the lift~
curve slope had approximately the same value as at a Mach number of 0.75.

The slope of the curves. of elevatar hinge-moment coefficilent
agalnst slevator deflectlon shown in figure 1l tended to became flatter
over the deflection range from 0° to -6° ag the Mach number was increased
from 0.75 to 0.91. The’ elevator ‘became strongly overbalanced at a
Mach number of 0.96, which was about the same value &t which the
greatest loss in effectiveness of the elevator occurred. At this Mach
number the elevator had a stable floating position at -8° which was
undoubtedly determined to some extent by the dissymmetry of the model

SRR
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caused by construction errors. . (See fig, 3.} The slopes of the
hinge-moment curve were very steep at tne floating position and at the
unstehle zero hinge-moment position, which suggests that'it would be
very difficult to hold the elevator of the full-scale ailrplane at
other than the floating positions by manuasl controi. As the Mach
number was increased from 0.96 to 1.00, the overbalarc. dlsappeared
and at a Mach nwtber of 1.0k the variation of hinge-moment coefficient
wlth deflection was almost linear throughout the deflecction range
with e slope at least three times as great as the aveiage siope at a
Mach number of Q.75. Although difficulties encountered in the.
neesuremsnt of the hinge moments indicate that the guantitative values
are subject to some error, the date are belisved to be sufficiently
correct to determine the general shapes and trends of the curves.

Results of tests in the Iangley 8-foot high-speed tumnnel of a
model of the tall of a high-speed bomber (reference 3) showed a '
repid decrease in elevator effectiveness, as represented by (d0r, /d.se)m,

at Mach numbers above 0.85 similar to that obtained in the present
tests of the tail model. (See fig. 12.) The turmel tests also
indiceted, as 41d tae present tests, that the loss in effectiveness
of the stebilizer, represented by deL/da)m, at supercritical speeds,

although substantial, wes much less severe thsn the loss in elsvator
effectiveness. The differences in the absolute values of the effective-
ness of the stebilizer and elevator from the tunnel tests and from
the present tests is probadbly largely due to the differences in the
thickness-chord ratlio of the two models and to the fact that the
tests of the bomber-tail model were made with a sealed elevator,
whereas the eclevator of the tail model of a fighter airplane was
unsgealed. Other pogsible sources of differences are the different
chordwise velocity gradients in the flow fields ebout. the models, the
different Reynolds numbers, and the differences in the boundery
conditlons of the flow for the two teet methods.

CONCIUSIONS

The results of the teste cn a —l%-scale, semigpan model of a
horizontal tail of & fighter airplane indicated thats o

1. 'The elevator effectiveness in genersl decreased as the Mach
nuwber incressed from 0,80 to 0.95. At all three angles of attack
(-1.2°, 0.4°, and 3.4°) the effectiveness became zeroc or reversed over
an elevator-deflection range of about 4° at Mach numbers sround 0.95.
The center of this ineffective range of elevator deflections varied with
angle of attack from positive elevator deflections at negative angles
of attack to negative elevator deflections at positive angles of attack,
The elevator, however, had reﬁained appreclable effectiveness by the

Ao
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time sonic velocity was reached for all elevator deflections, and at
a Mach number of 1,04 the mean elevator effectiveness K?CL/ﬂS )

wes ebout 60 percent of the value at a Mach numbser of 0.75.

2, The lift-curve slope dCL/da for angles of atback from

-1.2° to 3.4° decreased about 40 percent as the Mach number increased
from 0,75 to 0.93, With further increase in Mach number to 1.0k the
slope inoreased to about the same valus it had at a Mach number of

0.75,

3. The hinge-moment data, which are considered to be qualltative
only, indicated that the elevator became strongly overbalanced at
Mach numbers between 0.9 and O, 96 and that this overbalance disap—
peared beforo sonic velociby was attained, The slope of the hinge—
moment curve became very steep abt & Mach number of 1.04 at which the
slopo was about three times as large as the average slope at a Mach
number- of 0,75,

Langley Memorial Aeronautical Leboratory
National Advisory Camittce for Aeronsutics
Lapgley Fleld, Va.
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Figure 1l.- Sketech of -1—12-—scale, semispan model of the horizontal
tail of & fighter airplane. (All dimensions are in inches.)
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Figure 2.- Semispa

a fighter airplane mounted over ammunition-compartment
door of airplane wing. Reference vane mounted outboard

of model.
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Figure 3.- Comparison of measured ordinates with design
ordinates. The chordwise location of the elevator hinge
axis is shown by the verticel broken lines. Angle of
attack and elevator deflection taken as positive for
clockwise rotation of the surfaces.(Ordinate scale 2.5
times abscissa sceale.)
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Pigure 9.- Elevator effeotiveness over the deflection range
0° to 4° and 0° to -U4° for three angles of attack,
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